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ABSTRACT 

The  corrosion  of  pure  iron  in  1  N  HC1  is  discussed  in  terms  of  the 
theory  of  mixed  potentials  and  the  Game  theory  applied  to  the  Inhibition 
by  organic  compound?.  Corrosion  rates  with  and  without  inhibition  by 
aniline,  aeveral  aniline  derivatives,  and  alkylamines  were  determined 
by  cathodic  polarization  measurements  a8  well  as  by  colorimetric 
analysis  of  the  solution.  It  is  shown  that  all  compounds  show  a 
maximum  inhibitor  efficiency  at  a  concentration  of  approximately 
0.1  mol/l,  that  with  one  exception  all  are  cathodic  aa  well  as  anodic 
inhibitors,  and  that  in  most  cases  they  are  predoalnatly  anodic 
Inhibitors.  An  interpretation  of  the  data  on  cathodic  inhibition 
is  suggested  on  the  basis  of  the  assumption  of  a  uniform  metal  sur¬ 
face  and  uniform  adsorption.  The  interpretation  of  anodic  inhibition 
is  found  to  be  dif-.’icult  due  to  a  lack  of  sufficient  experimental  data. 


There  is  little  question  that  organic  compounds  acting  as  Inhibitors 
of  wet  corrosion  do  so  by  forming  an  adsorbed  layer  at  the  metal- 
solution  interface.  As  to  the  details  of  the  mechanism  of  Inhibition 
there  is  still  considerable  difference  of  opinion.  Also,  while  an 
extensive  literature  on  inhibition  exists,  detailed  knowledge  of  the 
influence  of  the  nature  of  the  inhibitor  is  still  lacking.  There¬ 
fore  it  is  desirable  to  accumulate  more  data  on  the  inhibition 
efficiency  of  simple  organic  compounds  with  fairly  well-known  molecular 
properties.  It  is  for  thi3  reason  that  some  experiments  with  simple 
anHino  derivatives  and  alkylamlnes  have  been  carried  out  and  are 
presented  in  this  paper. 

Th?  corrosion  of  pure  iron  in  air-free  1  U  HC1  was  chosen  for  the 
investigation.  The  over-all  cc  rrosior.  reaction  may  be  split  into 
’ .e  anodic  and  cathodic  "partial"  reactions: 

Fe  -»  Fe++  +  2e~;  2H+  +  2e~  — >  Bg 

Tje  electrochemical  behavior  of  the  iron  specimen  as  an  electrode, 
deluding  corrosion,  is  then  determined  by  the  kinetics  of  the  partial 
r' -ctions,  these  being  characterized  by  their  overvoltage  curves.  This 
leads  tc  the  concept  of  the  superposition  of  the  "partial  overvoltage 


curves  to  the  "total  current-voltage  curve"  originally  given  by 
Wagner  (1)  and  recently  applied  to  the  corroding  iron  electrode  by 
Uhlig  (2 ),  Stern  (3),  Bonhoeffer  (b),  and  Heualer  (5).  The  following 
two  paragraphs  give  a  abort  sumary  of  tha  terns  involved.  For  more 
detail  the  papers  cited  above  should  be  used. 

Neglecting  the  reverse  reactions  (iron  deposition  end  hydrogen  dis¬ 
solution),  the  two  partial  reactions  are  assumed  to  have  exponential 
overvoltage  curves  of  the  fora 
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Here  Jpe  and  Jg  are  the  apparent  anodic  and  cathodic  current  densities 
(baaed  on  the  geometrical  electrode  surface  F);  (J0)pe  and  (J0)H  ere 
the  intercepts  of  the  overvoltage  curves  with  verticals  drawn  through 
the  equilibrium  potentials  E?e  and  E_,  b'Fe  and  b’H  are  the  "Tafel” 
slopes;  and  E  is  the  measured  electrode  potential.  Regardless  of 
their  actual  physical  significance  („0)pe  and  (i  )„  are  called  exchange 
currents. 

If  a  polarizing  current  j  is  applied  from  an  external  circuit,  then  at 
any  J 

J  =  Jpe  -  Jg  (5) 

This  is  the  equation  of  the  total  current-voltage  curve  which  can  be 

censured  by  external  polarization.  At  j  =  0,  E  »  E  and 

corr. 


HIM’ 


Here  jCorr.  ls  bhe  uorrocion  rate  in  terc3  of  an  apparent  current 
density,  and  Ecorr_  the  corrosion  potential  (open  circuit  potential). 
With  equations  1,  2,  end  3  both  the  corrosion  rate  and  the  corrosion 
potential  are  completely  determined  by  the  overvoltage  properties  of 
the  partial  reactions.  Tee  simultaneous  measurement  of  j,  and  Jg 
should  therefore  yield  complete  knowledge  of  the  electrode  behavior 
in  a  given  surrounding  medium.  Insteai  of  this  procedure,  which  in¬ 
volves  laborious  analytical  determinations  of  the  amount  of  dissolved 
iron,  or  deposited  hydrogen,  the  electrode  may  simply  be  polarized  to 
potential  regions  where  either  Jj.e  or  J„  becomes  very  small  and  there- 
f.v-t  .1  =  Jg,  or  J  =  Jye,  so  that  the  total  current  voltage  curve  is 
r.iMchically  Identical' with  one  of  tie  partial  overvoltage  curves. 

Pro  'ided  that  no  change  of  the  rate-determining  step  of  the  partial 
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reaction  under  investigation  occurs  betveen  this  potential  region  and 
ECOrr.»  t*le  partial  curve  in  the  vicinity  of  the  latter  potential  can 
then  be  obtained  by  extrapolation.  This  simple  geometrical  operation 
is  illustrated  by  Fig.  1.  Moreover,  extrapolation  to  Ecorr_  yields 
the  value  of  Jcorr.  •  Stem  (3)  has  shovn  that  the  corrosion  rates 
obtained  by  extrapolation  of  the  cathodic  partial  overvoltage  curve 
check  well  with  those  determined  by  analysis  of  the  amount  of  dissolved 
iron.  The  same  method  is  used  throughout  the  present  investigation. 

So  far  in  appears  to  be  difficult  to  measure  the  anodic  partial  curve 
in  the  same  way,  but  in  the  vicinity  of  ECorr.  a  P®1*  of  this  curve 
may  be  obtained  from  corresponding  values  of  j  and  Jg  by  application 
of  equation  (3). 


The  organic  inhibitors  used  for  the  present  investigation  do  not 
change  the  over-all  reaction.  The  lovering  or  the  corrosion  rate 
must  therefore  he  brought  about  either  by  a  decrease  of  the  distance 
betveen  the  equilibrium  potentials  Eg  and  Epe,  which  can  only  he 
brought  about  by  changes  of  the  hulk  concentration  of  the  species 
taking  part  in  the  corrosion  reaction,  or  by  an  increase  of  the  over¬ 
voltage  of  one  or  both  partial  reactions.  With  respect  to  their  action 
on  one  or  both  partial  reactions,  inhibitors  are  often  classified  as 
being  of  an  anodic,  cathodic,  or  mixed  type.  The  general  result  of  - 
strictly  cathodic  inhibition  ia  shown  in  Fig.  1  by  the  Ehift  of  the 
cathodic  partial  curve  (A)  without  inhibition  to  the  inhibited  curve  (D) 
with  inhibition.  The  inhibition  is  assumed  to  decrease  the  H -equilibrium 
potential  from  %  to  E'g,  the  exchange  current  from  {30)g  to  (J0)'H 
and  to  increase  the  Tafel  slope,  while  the  corrosion  rate  decreases 
from  Jcorr.  to  i'-orr  •  iB  clearly  Been  Ibat  whether  cor,  two,  or 
all  of  the*pos3ible  changes  of  the  partial  cathodic  curve  occur,  Ecorr_ 
rau3t  always  change  to  a  less  noble  value  E'corr.-  Similarly,  a 
reverse  change  of  Ecorr.  indicates  the  presence  of  anodic  inhibition. 

If  only  the  decrease  of  Jcorr_  and  the  shift  of  3_0_r>  is  observed, 
only  the  predominance  of  anodic  or  cathodic  inhibition  can  be  stated, 
because  at  the  sane  time  a  small  effect  on  the  opposite  partial  re¬ 
action  may  exist,  so  that  the  inhibition  is  actually  of  the  mixed  type. 


Local  cell  action  betveen  fixed  anodic  and  cathodic  areas  cannot  be 
affected  seriously  by  the  ohmic  resistance  of  the  adsorbed  layer  as 
long  as  the  above-described  polarization  method  gives  the  same  value 
for  the  corrosion  rate  as  the  analysis  of  the  solution  (or  weight  loss 
measurements).  The  former  method  is  based  on  the  assumption  of  a 
virtually  uniform  electrode  potential  and  must  lead  to  serious  errors 
if  iR  drops  of  the  order  of  >  5  mV  exist  along  an  average  current  path 
between  local  electrodes.  Correct  polarization  values  of  3corr, 
indicate  either  very  short  local  current  paths  or  lov  values  of  the 
specific  resistance  of  the  adsorbed  layer.  Hoar  (6)  has  suggested 
that  practically  the  whole  electrode  surface  is  capable  of  acting  as 
a  cathodic  area,  whereas  the  anodic  area  should  be  represented  by  the 
sum  of  all  atomic  sites  undergoing  dissolution  at  any  given  moment. 
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Schematic  representation  of  tne  partial  overvoltage 
curves  (dashed  curves)  and  the  total  current  voltage 
cer-e  (solid  curve  C)  of  iron  corroding  in  non- 
oxidizing  acids.  (A)  -  cathodic  partial  curve; 

(D)  -  cathodic  partial  curve  in  toe  presence  of  a 
cathodic  inhibitor;  (E)  -  anodic  partial  curve. 

Other  syahola  as  defined  in  the  text. 


where  the  sites  night  hs,;  for  instance,  the  ends  of  Incomplete  atom 
revs.  With  any  non-ideal  crystal,  lattice  distortions  and  included 
foreign  a toss  may  also-g|ve  rise  to  anodic  spots.  With  respect  to 
the  relative  sits  of  tie  -anodic  and  cathodic  areas  and  the  distribu¬ 
tion  of  anodic  spots  the  .cpndition  of  the  corroding  iron  surface  is 
then  very  similar  to  tbe;  condition  of  the  surface  of  a  corroding 
liquid  ajBlgaa,  where  the  qathodic  area  is  identical  vita  the  total 
.surface  aha  the  anodic  a'req  is  given  by  the  sum  of  atoms  of  the 
amalgamated  metal  in  the  -surface  of  the  mercury.  Since  at  any  moment 
predictions  can  be  made  that  the  next  iron  scorn  being  transferred 
across  the  phase  boundary  should  come  from  the  same  incomplete  atom 
row  or  lattice  distortion  the  iron  dissolution  is  still  not  as  truly 
statistical  as  the  dissolution  of  an  amalgamated  metal,  nevertheless, 
the  condition  of  the  corroding  amalgam  surface  should  be  a  better 
model  for  the  condition  of  the  surface  of  corroding  iron  than  the 
frequently-used  model  of  a  checkerboard -like  pattern  of  local 
electrodes.  Therefore,  the  concept  of  a  uniform  metal  surface  unuer- 
going  statistical  dissolution  is  used  for  the  discussion  of  inhibition. 
It  is  obvious  that  this  concept,  if  Justified  for  pure  iron,  is  not 
immediately  applicable  to  steel  surfaces  vise;  *  secondary  phases  may 
have  considerable  influence. 

If  the  electrode  surface  is  uaifprm,  inhibitor  adsorption  should  be 
general.  As  has  been  pointed  out  Jby  Hoar  (7),  and  Hackernan  and 
Makrldes  (8),  the  theory  of  adsorption  cf  cationic  inhibitors  on 
cathodic  sites  only,  for  some  tics  widely  accepted  (as  may  be  seen 
from  papers  by  Mann  (9))  is  objectionable  even  if  local  cells  are 
operating  cn  the  corroding  surface,  the  obvicus  argument  being  the 
uniformity  cf  the  electrode  potential.  The  possibility  of  cation 
adsorptica  by  means  of  electrostatic  ferees  is  determined  by  the 
electric  charge  of  the  electrode  with  respect  to  the  solution,  i.e., 
by  the  position  of  the  electrocaplllaxy  maximum  with  respect  to 
Ecorr.»  104  4118  charge  of  an  electrode  with  respect  to  another 

electrode,  as  for  instance  local  anodes  vith  respect  to  local  cathodes. 
Little  is  known  about  the  electrocaplilary  maximum  of  iron  and  a 
value  of  0.57  V  in  10*5  II  HpSOj,  measured  by  Frumkin  and  uo-vorker3  (10) 
does  not  Indicate  that  iron  corroding  in  1  I!  EC1  (Ecorr.  »  0.25  V) 
has  a  positive  charge  at  the  corrosion  potential.  The  electrocaplilary 
maximum  cay  be  shifted  to  considerably  more  nccle  potentials  by  chemi¬ 
sorption  of  Cl",  analogous  to  observations  reported  by  Iofa  and 
co-workers  (11)  for  I"  and  Br”  at  very  law  concentrations.  At 
present  the  possibility  of  strong  cation  adsorption  on  corroding 
iron  is  therefore  undecided.  This  is  inportent  with  respect  to  the 
theory  of  chemical  rather  than  physical  adsorption,  suggested  by 
Hackerman  and  Kakride3  (8).  According  to  this  concept  cationic 
organic  inhibitors  are  deionised  at  the  matsl-solution  interface; 
therefore,  in  the  case  of  amine -hydrochlorides  uhe  adsorbed  species 
should  be  tbs  free  amine.  The  establishment  of  a  more  or  less  well- 
defined  chemical  bond  between  the  Inhibitor  and  the  iron  should 
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result  In  a  decrease  of  the  apparent  Iron  activity  of  the  electrode 
surfa;-.  (Hackerman  (12)).  This  leaves  Hye  unchanged,  but  It  may 
greatly  decrease  the  exchange  current  of  the  anodic  partial  reaction. 


MATERIAL  AND  APPARATUS 

Iron  electrodes  were  cut  out  of  99. 95$  Armco  Iron  sheets,  1  mm  in 
thickness.  In  the  shape  of  little  flags  of  about  k  to  5  sq.cm,  geo¬ 
metric  surface  area.  The  handle  of  these  flags  was  soldered  to  a 
copper  wire  and  sealed  into  a  glass  holder  with  polyethylene.  Before 
Immersion,  the  electrodes  were  abraded  with  Ho.  1  through  k/0  emery 
paper,  and  rinsed  with  benaene,  acetone,  and  water. 

1  H  HC1  solutions  were  prepared  from  C.P.  concentrated  HC1  and 
double-distilled  water.  Ho  change  of  the  corrosion  rate  was  observed 
when  gaseous  EC1  distilled  into  water  was  used  instead. 

Except  for  methylamine-  and  ethylamine-hydrochloride,  which  were  used 
without  further  purification  of  the  high-grade  compound,  all  inhibitors 
were  redistilled  one  to  three  times  under  reduced  pressure,  until  a 
colorless  product  of  constant  boiling  point  was  obtained.  The  inhibitors 
were  then  dissolved  in  the  appropriate  amount  of  concentrated  HC1  to 
give  alii  HC1  solution  of  the  hydrochloride.  No  inhibitor  solution 
wa3  used  later  than  three  days  after  preparation. 

Electrolytic  hydrogen  was  passed  through  pyrogallic  acid  in  alkaline 
solution,  sodium  plumbite  in  alkaline  solution,  concentrated  HjSOj,, 
a  trap  cooled  with  liquid  nitrogen,  and  finally  a  50-co.  column  of 
1  N  HC1  before  being  bubbled  through  the  test  solution.  Omitting  this 
procedure  resulted  in  a  marked  decrease  of  the  corrosion  rate. 

The  apparatus  used  throughout  the  experiments  is  shown  in  Fig.  2. 

All  parts  were  made  of  Pyrex,  with  stoppers  and  stopcocks  very  lightly 
greased  with  silicone  grease.  The  test  vessel  A,  the  Ag/AgCl- 
electrode  B,  and  the  ?t-electrode  C,  were  filled  with  1  II  HC1  up  to 
the  dotted  lines.  Three  iron  electrodes,  D,  of  which  only  one  is 
shewn,  are  used  at  the  same  time. 

The  outlet  of  burette  F  was  sealed  into  the  ground  joint  E  and  on 
top  of  F  a  flask  0  served  as  a  reservoir  for  inhibitor  solutions. 

A  second  burette  H  was  also  sealed  into  E  and  was  extended  via 
capillary  tubing  into  the  test  solution.  Hydrogen  entered  the 
apparatus  at  I  and  left  it  at  K,  thus  keeping  all  parts  air-free 
and  also  slightly  agitating  the  solution.  If  hydrogen  was  bubbled 
through  the  solution  more  vigorously  the  corrosion  potential  and 
the  corrosion  roue  did  not  change  by  more  than  1  mV  and  1  pA/sq.cm. 

The  te3t  vessel  vas  placed  in  a  th-vmostat  kept  at  30  +  0.5°c.  The 
volume  of  the  test  solution  in  A  was  500  ce.,  all  pH  changes  due  to 
the  corrosion  reaction  were  negligible. 


The  potential  difference  between  tbe  Fe-electfode  aid  the  Ag/Agcl- 
refercnce  electrode  vas  measured  with  a  student-type  potentiometer 
within  t  1  aVi  In  order  to  be  able  ,td  make  quick  readings  during 
polorization  measurements,  an  oscilloscope  was  used  as  zero  indicator! 
Polarizing  currents  were  applied  between  the  Fe-  and  the  Pt  -electrode) 
using  a  220  V.  dry  battery  in  series  with  a  resistance  box  and  a 
rilliaiameter.  Current  readings  were  taken  with  a  precision  of 
*  5uA  at  currents  between  1  and  3  mA  and  ±  2pA  at  currents  less  than 
1  mA.  The  resistance  of  the  electrode  system  was  small  compared  with 
the  external  ohmic  resistance,  the  polarizing  currents  were  therefore 
constant  during  the  polarization  time. 


PROCEDURE  AHD  RESULTS 

After  the  electrodes  had  been  immersed  in  air-  and  inhibitor-free 
i  H  HC1  a  period  of  3  to  5  hours  was  required  for  both  E°  and 
J°c0rr.  (*)  t0  become  constant.  After  5  hours,  £°corr.  and  J°corr. 

*°  designates  uninhibited  properties. 

were  constant  in  most  cases  except  for  random  changes  of  ±  1  mV/hour 
and  i  3tiA/sq.cm./hour  respectively.  The  polarization  behavior  of  all 
electrodes  was  cnecked  at  one -hour  intervals  throughout  the  immersion 
time,  but  only  tbe  readings  taken  between  5  and  1  hours  after  immersion 
were  used  for  the  final  determination  of  the  overvoltage  properties. 

A  considerable  number  of  runs  bad  to  be  discarded  because  of  (a)  cor¬ 
rosion  rates  more  than  5  iiA/sq.ca.  lower  or  higher  than  the  average 
of  all  measurements,  (b)  non-constant  values  of  EcorX-  and  JCOrr. 
after  5  hours,  (c)  potential  drifts  during  polarization.  Any  drift 
greater  than  1  mV/10  sec.  observed  later  than  10  sec.  after  switching 
on  the  polarizing  current  vas  regarded  as  abnormal  and  attributed  to 
contamination  of  the  acid.  In  all  cases  of  erratic  behavior  the 
electrodes  were  freshly  sealed  to  the  glass  holder,  freshly  abraded 
and  rioaed,  and  the  test  solution  replaced  by  freshly  prepared 
solution.  Ho  Inhibition  experiment  vas  carried  out  until  a  given  set 
of  electrodes  exhibited  "normal"  behavior,  with  Ecorr  -26c  •+  10  mV 
(vs.  S.H.E.),  Jcorr  50  t  pA/sq.cn.  and  non-drifting  potentials  during 
cathodic  polarization. 

A  typical  example  of  a  single  polarization  measurement  with  an 
uninhibited  specimen  is  shown  in  Fig.  3.  Bcorr  was  measured 
immediately  before  the  first  polarization  ( immediately  afterwards 
Ecorr  is  usually  1  to  2  mV  more  noble  than  before,  but  the  original 
value'is  reestablished  within  a  minute).  Cathodic  currents  cf  various 
strength  were  applied  at  30-second  intervals  and  the  polemized  potentials 
E  measured  with  the  potentiometer  (solid  circles)  5  to  10  seconds  e'ter 
switching  on  the  current.  The  total  current -voltage  curve  obtained  as 
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Figure  3 


Total  current -voltage  curve  and  partial  overvoltage 
curve  determined  by  cathodic  polarization  of  an 
iron  electrode  in  1  21  EC1  without  inhibition. 
Symbols  as  given  in  the  caption  of  Figure  1;  other 
symbols  as  defined  in  text. 


ao  E  vs.  log  3  (solid  curve)  vas  always  found  to  have  a  linear  section 
in  the  current  range  0.2  c  J  <  0.7  mA/aq.cm.  which  could  easily  be 
extrapolated  to  E°Corr.  (issued  curve).  From  this  curve,  presumably 
the  cathodic  partial  overvoltage  curve,  J°corr.  and  b°g  (ab°'E/2.303) 
were  determined  graphically.  In  a  few  cases  tie  non-linear  part  of 
the  logarithmic  total  current  voltage  curve  was  also  measured  to 
obtain  examples  of  the  anodic  partial  overvoltage  curve  by  application 
of  equation  3  (open  circles  and  broken  line).  Thus  the  slope  b°Ee  of 
the  anodic  curve  was  found  to  be  of  the  order  of  0.075  -  0.01 
volt/log  J  which  may  be  compared  with  Stem's  (13)  value  0.C68, 
determined  by  the  same  method  in  Na  Cl  +  EC1  solution  of  pH  1.5  at 
25C.  The  exchange  current  ( J0)  ye  was  calculated  to  be  of  the  order 
of  0.04  to  0.1  pA/sq.cm.  vhich  again  checks  fairly  well  with  Stern’s 
value  0.0U  pA/sq.cm.  measured  under  the  quoted  conditions  noted. 
However,  the  error  limit  of  any  single  determination  of  (J0)Ee  is 
±  0.02  and  any  attempt  to  calculate  the  change  of  the  exchange 
current  due  to  weak  inhibitor  action  la  therefore  useless. 

In  order  to  avoid  erroneous  results  caused  by  slow  drifts  of  the 
electrode  properties  during  immersion  over  several  days,  all  electrodes 
were  again  abraded  and  rinsed  before  addition  of  inhibitors  to  the 
solution.  Also,  usually  after  two  complete  serleB  of  experiments 
for  one  inhibitor  new  electrodes  were  prepared.  Otherwise  the  measure¬ 
ments  in  inhibited  solutions  were  carried  out  exactly  as  were  those 
without  inhibitors.  In  addition  to  bp  and  Jcorr>  a  property  j’ ,  the 
cathodic  partial  current  of  the  inhibited  electrode  at  2°corr_  van 
determined.  Especially  after  addition  of  the  more  effective  inhibitors 
a  slow  drift  of  the  potential  of  externally-polarized  electrodes  to 
less  noble  potentials,  presumably  caused  by  changes  of  the  adsorption 
concentration  of  the  inhibitor,  could  not  be  eliminated.  Using  the 
potentials  obtained  5  to  10  sec.  after  switching  on  the  polarizing 
current,  allowing  1  minute  Intervals  between  two  consecutive  polari¬ 
zations,  and  also  limiting  the  polarizing  currents  to  0.5  mA/sq.cm. 
in  cases  where  the  logarithmic  total  current -voltage  curve  became 
linear  at  0.15  -  0.17  mA/sq.cm.  because  of  the  lowered  Jcorr., 
correct  values  of  were  nevertheless  obtained.  This  was  shown 

by  independent  analytical  measurements.  For  this  control,  polarization 
measurements  were  carried  out  between  2  and  8  hours  af'er  inversion 
in  separate  runs  at  one-hour  intervals,  and  samples  of  the  solution 
were  taken  at  the  3ace  time.  The  Fe++  concentration  of  the  samples 
was  then  determined  coloricetrlcally,  using  o-phenanthroline  as 
ccmplexing  agent.  The  average  values  of  the  corrosion  rate  obtained 
by  polarization  checked  well  with  the  corrosion  rate  determined  by 
analysis  (Table  I). 


labia  I  . 

Comparison  of  the  average  total  corrosion  rate  of  3  electrodes 
obtained  by  cathodic  polarization  (lj)  and  by  colorimetric 
analysis  (i2)  •  C  «  Inhibitor •concentration 


r 

Inhibitor 

C  (mol/l) 

] 

fl(pA) 

» 

i2(pA) 

- 

0 

820  +  20 

81tO  t  50 

N-Methylaniline 

0.06 

720  ±  20 

700  +  20 

tl-Ethylanillne 

0.05 

1*90  t  10 

1*90  t  lo 

R -Prcpylaniline 

0.12 

355  t  10 

350  +  20 

Usually  5  to  4  runs  at  Inhibitor  concentrations  between  0.05  and  0.8 
noifx.  were  carried  out.  For  each  Inhibitor  concentration  final  values 
of  Jcof3-.,  3',  bjr,  and  Fcorr  were  obtained  by  obtaining  the  algebraic 
mean  of  six  single  measurements,  two  per  electrode.  A  typical  example 
of  the  resulting  curves  of  the  electrode  properties  as  a  function  of 
concentration  is  shown  In  Fig.  4  for  m-toluidine.  At  C  >  0.08  to  0.1 
moi/l,  all  Inhibitors  showed  a  maximum  effect  on  the  electrode  pro¬ 
perties  independent  of  further  Increase  of  concentration  up  to  0.2 
mol/l,  the  highest  concentration  investigated.  As  no  attempt  was 
made  to  measure  fully  the  changes  of  the  electrode  properties  at 
concentrations  0  <C  <  0.1,  Table  II  lists  only  the  electrode  pro¬ 
perties  at  maximum  inhibitor  effect  obtained  graphically  from  plots 
of  the  experimental  values  against  concentration.  With  propylamine 
as  inhibitor  the  slope  b'W  of  the  snodic  partial  overvoltage  curve 
was  determined  at  maximum  Inhibitor  effect  and  found  to  be  of  the 
order  of  O.OSO  t  0.01  volt/log  i. 

The  error  limits  given  in  the  tables  are  caused  by  differences  in 
the  behavior  of  different  electrodes.  Compared  with  these  differences 
the  limited  precision  of  the  measurements  has  little  significance. 

This  Includes  the  error  introduced  by  the  resistance  between  the  tip 
of  the  reference  electrode  and  the  iron  electrodes  (approximately 
2  cm.}.  It  does  not  include  the  error  limit  of  the  colorimetrically- 

determined  values  of  J _  . 

corr. 


The  variation  of  the  corrosion  potential  B  and 
the  corrosion  rate  jcorr  of  a  set  of  three°£?6n 
electrodes  as  function  of  the  concentration  of 
n-toluidlne  hydrochloride  of  the  solution. 


Tabl3_n' 

Average  value  of  the  corrosion  potential  Ecorr.  the  corrosion 
-ate  Jc__  ,  and  the  cathodic  Tafel  slope  bg  of  three  electrodes 
vith  no' “inhibition  (0)  and  at  nSaximua  inhibition  (m),  also  the 
cathodic  current  at  maximum  inhibition  at  E°corr  •  Tha  error 
limits  listed  do  not  apply  for  b°g  in  the  case  of  aniline  and 
H-Propylanlline  vhere  it  was  t  0.004. 


^corr. 

»°H 

0  corr. 

« 

J 

Inhibitor 

i?n 

h  corr. 

J  corr. 

(mV) 

(v/log  i) 

(liA/aq.cm.) 

(uA/aq.cm.) 

Aniline 

0 

-24g 

0.091 

47 

m 

-237 

0.090 

30 

40 

H-Toluidine 

0 

-248 

0.092 

1*8 

a 

-239 

0.093 

33 

42 

o-Toluidine 

0 

-257 

0.C86 

51 

a 

-240 

0.091 

29 

44 

H-Methylanillne 

0 

-2l*9 

0.092 

51 

a 

-24l 

0.089 

38 

46 

H-Ethylaniline 

0 

-269 

0.088 

53 

a 

-260 

0.091* 

37 

46 

H-n-Fropylaniline 

0 

-267 

0.089 

•*9 

a 

-258 

0.095 

32 

38 

H-Dlmethylaniline 

0 

-249 

0.085 

53 

47 

a 

-231 

0.085 

31 

H-Diethylanlllne 

0 

-268 

0.083 

51* 

34 

m 

-255 

0.093 

25 

N-Di-n-propylanillne 

0 

-2 66 

0.081* 

53 

a 

-252 

0.093 

24 

29 

Methylamine 

0 

-265 

0.086 

52 

a 

-268 

0.086 

45 

43 

Ethylamine 

0 

-268 

0.091 

54 

a 

-268 

0.091 

42 

42 

Propylamine 

0 

-269 

0.085 

55 

44 

a 

-267 

0.091 

42 

m 
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Discussion 

(a)  Inhibition  of  the  Cathodic  Partial  Reaction, 


Table  II  shows  that  with  all  inhibitors  j’  Is  lower  than  J°corr  and 
In  many  cases  b°g  is  larger  than  b°g.  Therefore,  all  inhibitors 
investigated  exhibit  cathodic  Inhibitor  action.  To  obtain  a  quan¬ 
titative  measure  of  this  action  it  1*  recalled  that  with  bg  »  constant 
the  quotient  J'/Jcorr  aust  equal  the  quotient  ( J0)mg/( J0)“h  and 
therefore  be  a  measure  of  the  decrease  of  the  cathodic  exchange 
current.  Even  for  small  values  of  Ab  (ib^g  -  b°n)  the  same  relation¬ 
ship  holds  to  a  first  approximation  and  is  therefore  calculated  for 
each  inhibitor.  Following  comon  usage  in  inhibitor  research,  instead 
of  J7J°oorr  “self.  Table  III  lists  the  quantity  (1  -  j'/joc0rr.)  * 
1005°  =  I',  fteglecting  the  influence  of  Abn  this  quantity  is  called 
the  "cathodic  inhibitor  efficiency"  (not  identical  with  the  inhibitor 
efficiency  which  would  be  observed  with  a  given  Ic  in  the  absence  ot 
all  anodic  inhibition).  The  values  of  Abg  and  the  "total  inhibitor 
efficiency"  Im  »  (1-J “  /J°  >  *  M<*  are  also  tabulated.  It 

is  seen  that  Ic  is  practlcdllyconStant  for  the  alkylaninea  and  the 
group  forced  by  aniline  and  the  toluidlnes.  With  increasing  chain 
length  of  the  substituent  of  H-alkylanilines  I  increases,  this 
increase  being  more  pronounced  in  the  series  of  H-dlalkylanilines 
than  in  the  scries  of  H -monoalky lanllines. 

Remembering  that  all  numbers  are  limiting  values  for  maximum  inhibition 
and  therefore  probably  maximum  adsorption,  it  can  be  expected  that  the 
adsorbed  molecules  are  oriented  nearly  perpendicularly  to  the  surface. 
If  this  is  true,  then  the  observed  tendencies  of  the  chenge  ot  Ic 
strongly  suggests  an  effect  of  the  projected  area  per  molecule.  For 
perpendicularly  oriented  molecules  the  projected  area  of  straight 
chain  alkylamines  is  Independent  of  the  chain  lanstb  “nd  equals  the 
projected  area  of  the  amine  group.  On  the  other  hand,  perpendicular 
adsorption  of  a  H-aubstituted  aniline  means  that  all  substituents 
fora  an  angle  smaller  than  90°  with  the  metal  surface.  An  increase 
of  chain,  length  consequently  Increases  the  projected  area.  Also, 
with  H-dlalkylanilines  a  larger  increase  of  the  projected  area  is  to 
be  expected  since  two  methyl  groups  are  added  instead  of  one  in  the 
case  of  R-monoalkylanilines.  While  no  quantitative  interpretation  is 
possible  it  is  clear  that  for  alkylamines,  and  H-alkylamines  changes 
of  I  parallel  changes  of  the  projected  area  within  each  group.  As 
T  constant  for  aniline  and  the  toluidines  it  has  to  be  concluded 
tnat  only  substitution  for  H  on  the  nitrogen  is  effective,  that  is, 
close  to  the  surface  of  the  underlying  metal.  It  is  also  possible, 
t’jat  a  smaller  effect  would  ba  observed  on  increasing  the  chain  length 
of  the  substituent  on  the  benzene  ring. 
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Table  m 

The  total  cathodic  and  anodic  inhibitor  efficiency  calculated 
for  each  inhibitor  frca  fcorr. >  3'  and  j",  respectively,  and 
J°corr  >  as  found  in  uninhibited  solution  with  the  saaa  set  of 
electrodes,  also  Abg  *  -  bCg  calculated  in  the  sane  vay. 


Inhibitor 

h 

*c 

Ja 

m 

(*> 

(v/log  1) 

(» 

Aniline 

36 

15 

-0.001 

55 

m-Toluidlne 

31 

13 

+0.001 

46 

o-Toluidine 

43 

14 

+  0.005 

65 

H-Methyloniline 

25 

10 

-0.003 

4l 

H-Ethylonlllne 

30 

13 

+0.006 

47 

H-n-Propylaniilne 

36 

£6 

+0.006 

53 

H-Dimethylaniline 

hi 

U 

o.oco 

66 

M-DIethylaniline 

5h 

37 

+0.010 

68 

H-Di -n-pr opylanl line 

57 

ho 

+0.003 

71 

Mathylamine 

13 

IB 

0.000 

0 

Ethylanlae 

17 

SO 

+0.002 

20 

Propylaalne 

23 

so 

+O.OC6 

29 

Error  limit 

4 

4 

0.003-4 

4 

L6 


If  all  types  of  aniline  derivatives  investigated  have  the  sane  maximum 
number  of  moles  adsorbed  per  sq.cm,  of  the  metal,  ti.en'the  total  pro¬ 
jected  area  should  Increase  In  the  series  aniline,  H-methylanlline, 
H-dlmethylanlUne,  and  Ic  should"  also  Increase.  Actually  lc  la  greater 
for  aniline  than  for  both  H-nethyl-  and  H-dimsthylaniline,  and  practically 
constant  for  the  latter  tvo  compounds.  Experimental  data  for  the  maximum 
adsorbed  amount  are  not  available  but  it  Is  reasonable  to  predict  a 
decrease  vith  Increasing  branching  of  the  substituents  due  to  steric 
hindrance.  Therefore  It  is  likely  that,  while  the  projected  area  per 
molecule  Increases,  thr  total  projected  area  decreases  from  aniline  to 
H-methylanlllne  because  of  a  decrease  of  the  number  of  adsorbed  moles, 
and  the  decrease  of  I.  is  therefore  not  contradictory.  The  decrease  of 
( j  )g  is  usually  ascribed  to  a  decrease  of  the  true  surface  area  avail¬ 
able  for  hydrogen  deposition  (6,7,9).  With  respect  to  this  the  observed 

changes  of  bg,  neglected  in  the  discussion  Just  above,  is  of  Importance. 

In  principle,  changes  of  bg  can  Indeed  be  caused  by  mere  changes  of  the 
true  surface  area  available.  This  follows  not  only  for  the  case  of  com¬ 
peting  adsorption  of  inhibitor  and  E -atoms  but  also  because  of  competing 

parallel  reaction  paths  for  H-deposition  (e.g.,  slow  discharge  followed  by 
Tafel  recombination,  and  electrochemical  mechanism)  depending  to  a  different 
degree  on  the  H-concentratlon  of  the  surface.  However,  this  requires  very 
special  assumptions  not  Justified  by  experimental  evidence,  less  elaborate, 
and  therefore  for  the  time  being  preferable,  it,  the  assumption  that  both 
partial  reactions  are  cc.  trollcd  by  an  energy  berrier  at  the  phase 
boundary  which  requires  a  slow  discharge  mechanism  for  the  cathodic 
partial  reaction.  According  to  the  theory  of  H-overvoltage  bg  ahould 
then  he  of  the  fora  2.303  RT/azF,  where  R  is  the  gas  constant,  T  the 
absorute  temperature,  a  a  factor  between  0  and  1,  z  the  electron  number, 
and  F  the  Faraday.  For  iron  in  different  inhibitor-free  solutions  values 
of  bg  between  0.08  and  0.15  volt/log  1  have  been  observed  by  different 
authors  (3,5,13>l4)  indicating  values  of  a  ranging  from  0.7  to  0.4. 

The  average  value  of  bg  found  during  the  present  investigation  ia 
O.C88  i  0.004,  a  therefore  is  0.66.  The  theory  of  slow  discharge  pre¬ 
dicts  a  =  0.5  for  the  case  that  exactly  half  of  the  overvoltage  is  used 
to  lover  the  activation  energy  of  the  forward  reaction,  the  other  half 
being  usee  to  increase  the  activation  energy  of  the  reverse  reaction. 
However,  this  ideal  symmetry  need  not  be  followed  in  every  case,  and 
with  a  different  a,  slow  discharge  (or  the  electrochemical  mechanism) 
may  still  be  rate -determining.  If  this  is  accepted  for  the  cathodic 
partial  reaction  it  follows  that  an  Increase  of  bg  indicates  a  decrease 
of  o  and  therefore  a  decrease  in  the  fraction  of  the  cathodic  over¬ 
voltage  used  to  lower  the  activation  energy  of  the  H+  transfer  across 
the  phase  boundary.  This  requires  a  distortion  of  the  potential  dis¬ 
tribution  in  the  phase  boundary.  It  is  then  reasonable  to  assume  that 
the  cause  of  this  distortion  is  the  establishment  of  an  additional 
energy  barrier  due  to  inhibitor  adsorption.  Consequently  the  inhibitor 
layer  is  treated  as  a  uniform  film  which  leaves  the  available  surface 
unchanged  but  Increases  the  activation  energy  of  H+  transfer,  thus 
decreasing  the  probability  of  this  transfer.  While  the  distortion  of 
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the  potential  distribution  \s  riipcn,  ible  for  the  change  of  bj.e,  the 
lowering  of  the  transfer  probability  is  responsible  for  the  decrease 
of  { J0)g.  The  observed  influence  of  the  total  projected  area  is  then 
not  an  influence  of  the  Increasing  degree  of  surface  blanketing,  but 
of  the  increasing  density  of  the  unifora  inhibitor  layer,  where  the 
increase  in  density  is  expected  to  cause  a  proportional  increase  in 
the  activation  energy.  In  view  of  the  considerable  error  limit  of  the 
£bjj  values  no  similar  Interpretation  of  bg  as  a  function  of  the  molecular 
structure  of  the  inhibitor  can  be  attempted. 


(b)  Inhibition  of  the  Anodic  Partial  Reaction. 

Except  for  the  single  pair  of  data  of  bpe  before  and  after  addition  of 
propylamine  as  inhibitor  no  other  information  on  anodic  inhibition  has 
been  obtained  except  the  shift  of  EpB.  Assuming  bpe  =  constant  «  0.075 
for  inhibited  and  uninhibited  elect.  cucn  w.**  partial  cv^rsnt 

of  the  inhibited  electrode  at  E0corr.  can  oe  obtained  froa  Icorr  and 
Ic  and  a  quantity  (1  -  J"/J°00rr. )  •  100$  »  Ia  can  be  calcuiated'vhieh 
is  eomparable  t<j  Ic.  This  has  been  done  graphically  and  the  resulting 
values  of  I,, ,  listed  in  Table  III  is  used  for  the  discussion  of  an  uic 
Inhibition  instead  of  the  shift  of  E°ccirr  .  In  view  of  the  arbitrary 
assumption  bpe  ■  constant  the  same  error  limit  has  to  be  attributed  to 
the  Ia  values  as  to  those  of  Ia.  Within  thiB  limit  Ia,  if  not  a 
measure  of  the  decrease  of  (j0)pp,  is  at  any  rate  a  measure  of  the 
cacdic  inhibition  and  therefore  Justly  called  the  "anodic  inhibitor 
efficiency".  Inspection  of  Table  III  shows  that  with  the  exception  of 
mnthylamlne  all  inhibitors  investigated  exhibit  anodic  as  well  as 
cathodic  inhibition  and  are  therefore  inhibitors  of  the  nixed  type. 
Furthermore  it  is  also  seen  that  all  aniline  derivatives  are  of  a  pre¬ 
dominantly  anodic  type. 

la  is  cero  for  cethylamine  and  increases  rapidly  with  increasing  chain 
length  of  alkylamines.  It  has  already  been  argued  that  the  total  pro¬ 
jected  area  for  alkylamines  is  constant  with  respect  to  the  cathodic 
partial  reaction.  Within  the  concept  of  general  adsorption  and  uniform 
electrode  surface,  the  same  must  be  true  for  the  anodic  partial  reaction. 
An  explanation  of  the  increase  of  I,  in  spite  of  constant  total  pro¬ 
jected  area,  is  offered  by  the  theory  of  chemisorption.  It  has  been 
p„.nted  out  by  Hackerman  and  Makrides  (8)  that  chemisorption  of  amines 
should  increase  with  electron  donor  properties  and  that  lacking  other 
data  the  basicity  of  the  free  amine  should  be  considered  representative 
of  these  properties.  As  the  basicity  of  the  alkylamines  used  here  is 
practically  constant  (15),  this  suggestion  gives  no  clue  as  to  the 
variation  of  chemisorption  of  these  compounds.  Therefore,  it  con 
only  tentatively  be  assumed  that  the  contribution  of  chemisorption  to 
the  total  adsorption  may  increase  with  increasing  chain  length,  while 
the  total  adsorbed  amount,  and  therefore  the  total  projected  area, 
remains  con8tant  because  of  the  existence  of  a  saturated  monolayer  of 
adsorbed  amines.  As  has  been  mentioned  before,  this  can  be  expected 
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to  result  In  a  decrease  of  the  apparent  Iron  activity  of  the  electrode 
surface.  ,  if  slew  charge  transfer  across  the  interface  la  rate- 
determining  for  the  anodic  partial  reaction,  the  anodic  exchange  current 
(J0)j?e  may  then  be  treated  aa  the  product  of  the  true  .  <rface  area  F 
(which  is  constant  If  the  concept  of  uniform  adsorption  is  correct), 
a  transfer  probability  P  (the  probability  of  the  penetration  of  the 
activation  barrier  across  the  double  layer  by  Fe  !-+)  and  the  iron  sur¬ 
face  activity  A.  The  predominance  of  anodic  inhibition  can  then  be 
interpreted  as  being  due  to  the  lowering  of  A  by  chemisorption,  where 
the  lowering  of  P  by  inhibitor  adsorption  could  be  roughly  the  same  as 
that  for  the  cathodic  inhibition. 

Aniline  derivatives  are  ranch  less  basic  than  straight  chain  elkylamines, 
but  they  are  nonetheless  tha  better  anodic  inhibitors.  The  S-alicylanillnes 
show  a  comparatively  small  increase  of  Ic  with  increasing  chain  length 
of  the  aliphatic  substituent  but  it  is  doubtful  whether  this  can  be 
attributed  to  the  basicity.  Easiclty  constants  of  aniline  derivatives  (15) 
in  dilute  solutions  show  that  the  basicity  does  not  increase  regularly 
with  chain  length  of  aliphatic  substituents.  The  difference  in  basicity 
of  different  compounds  is  usually  small,  so  that  no  predictions  as  to 
the  basicity  in  concentrated  solutions  are  possible.  Both  the  total 
amount  and  the  differences  of  anodic  inhibition  observed  with  aniline 
derivatives  are  therefore  difficult  to  explain.  Considering  that  within 
each  group  of  N-alkylsnllines  the  changes  of  Ia  parallel  the  changes  of 
I  it  may  tentatively  be  assumed  that  this  indicates  an  influence  of 
the  energy  barrier  similar  to  that  of  the  cathodic  partial  reaction. 

Whether  the  large  total  value  of  Ia  is  caused  by  additional  strong 
chemisorption  of  the  aniline  derivatives  cannot  be  decided  here. 
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